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Effects of hypoxia on renin secretion and renal renin gene
expression. Plasma renin activity (PRA) and renal renin mRNA
levels were measured in male rats exposed to hypoxia (8% O2) or
to carbon monoxide (CO; 0.1%) for six hours. PRA increased
fourfold and 3.3-fold, and renin mRNA levels increased to 220%
and 200% of control, respectively. In primary cultures of renal
juxtaglomerular (JG) cells, hypoxia (lowering medium O2 from
20% to 3% or 1%) for 6 or 20 hours did not affect renin secretion
or gene expression. Renal denervation did not prevent stimulation
of the renin system by hypoxia. Because norepinephrine increased
1.7-fold and 3.2-fold and plasma epinephrine increased 3.9-fold
and 7.8-fold during hypoxia and CO inhalation, respectively,
circulating catecholamines might mediate the stimulatory effects
of hypoxia on renin secretion and renin gene expression. Stimu-
lation of b-adrenergic receptors by continuous infusion of 160
mg/kg/hr isoproterenol increased PRA 17-fold and 20-fold after
three and six hours, respectively, and renin mRNA by 130% after
six hours. In rats with a stimulated renin system (low-sodium diet),
isoproterenol did not stimulate PRA or renal renin mRNA
further. In summary, both arterial and venous hypoxia can stim-
ulate renin secretion and renin gene expression powerfully in vivo
but not in vitro. These effects seem not to be mediated by renal
nerves or by a direct effect on JG cells but might be mediated by
circulating catecholamines.
Hypoxia may reduce aldosterone secretion by direct
inhibition of secretion from adrenal glomerulosa cells [1].
The effects of hypoxia on renin secretion, as reflected by
the plasma renin activity (PRA), are less clear, and data on
renal renin gene expression are scarce [2–10]. The influ-
ence of hypoxia on renin secretion may be modulated by
sodium balance [3, 11]. Most studies suggest that acute
hypoxia causes natriuresis, which may return to the normal
or subnormal range during prolonged exposure [7, 12, 13].
Sodium responses might be affected by different natriuretic
mediators, such as a fall in aldosterone secretion and
decreased proximal tubular reabsorption, and antinatri-
uretic mediators, such as a fall in renal perfusion pressure,
increased angiotensin II and a stimulated sympathetic
nervous system [7, 9, 12, 13]. The effects of hypoxia on
renin secretion thus might depend partly on the experimen-
tal protocol (duration and strength of hypoxia, sodium
balance), thereby accounting for divergent findings.
Cell culture and in vivo studies indicated that several
genes [such as erythropoietin, endothelin-1, platelet-de-
rived growth factor (PDGF)-A, PDGF-B, vascular endo-
thelial growth factor (VEGF), and heat shock transcription
factor] are stimulated by hypoxia in vitro and/or in vivo [14,
15]. We therefore investigated whether hypoxia affects
renin secretion and renin gene expression in vivo and in
vitro. Rats were exposed to both acute arterial (8% O2) and
venous (CO inhalation) hypoxia, and primary cultures of
renal juxtaglomerular (JG) cells were exposed to low PO2
[10].
METHODS
Animal experiments
Animal experiments were conducted according to Na-
tional Institutes of Health and national guidelines. Three
groups of male Sprague-Dawley rats (200 to 250 g; food
and water ad libitum) were studied: untreated controls,
hypoxia (six-hour exposure to 8%O2/92%N2), and CO
(six-hour exposure to 0.1% CO in room air). In addition,
we tested the effect of b-adrenergic stimulation by infusion
of isoproterenol (160 mg/kg/h) using osmotic minipumps as
previously described [16]. In separate experiments, the
effect of dietary salt intake on b-adrenergic stimulation of
renin secretion and renal renin gene expression was tested
by feeding normal (0.109 mmol/g NaCl), low-salt (0.006
mmol/g NaCl), or high-salt (0.783 mmol/g NaCl) rat chow
(Altromin, Lage, Germany) starting eight days before
implantation of the minipumps. At the end of the experi-
ments, the animals were decapitated, and blood was col-
lected from the carotid arteries for determination of he-
matocrit and PRA. Kidneys were removed rapidly,
weighed, cut in half, frozen in liquid N2, and stored at
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280°C until isolation of total RNA. In other experiments,
the left kidney was denervated as described previously [17].
Primary culture of renal juxtaglomerular cells
Mouse JG cells were isolated from male C57B16 mice
using 0.25% trypsin and 0.1% collagenase as described
previously [10], were separated further on Percoll density
gradients, and were cultured in RPMI1640 medium (Bio-
chrom, Berlin, Germany). Cultures were made hypoxic by
reducing medium PO2 from 150 (20%) to 20 (3%) or 7
(1%) mm Hg for 6 or 20 hours.
Determination of plasma renin activity
Plasma renin activity was determined by incubating
plasma samples at 37°C for one hour and measuring
generated ANGI using a commercial radioimmunoassay kit
(Sorin, Du¨sseldorf, Germany).
Isolation of RNA
Total RNA was isolated according to the protocol of
Chomczynski and Sacchi. Kidneys were homogenized in
10-ml solution D [guanidine thiocyanate (4 mM) containing
0.5% N-lauryl-sarcosinate, 10 mM ethylenediaminetet-
raacetic acid, 25 mM sodium citrate, 700 mM b-mercapto-
ethanol] with a polytron homogenizer. Sequentially, 1-ml
sodium acetate (2 mM, pH 4), 10-ml phenol (water saturat-
ed), and 2-ml chloroform were added to the homogenate,
with thorough mixing after the addition of each reagent.
After cooling on ice for 15 minutes, samples were centri-
fuged at 4°C (15 minutes, 10,000 g) and the supernatant
precipitated with an equal volume of isopropanol at 220°C
for one hour. After centrifugation, RNA pellets were
resuspended in 0.5-ml solution D, precipitated with an
equal volume of isopropanol at 220°C, dissolved in dieth-
ylpyrocarbonate-treated water, and stored at 280°C.
Determination of preprorenin messenger ribonucleic acid
(mRNA)
Renin mRNA was determined by RNase protection in
rat kidney using 20 mg RNA and by quantitative reverse
transcriptase-polymerase chain reaction in primary cultures
of JG cells using 3 ml of a cytoplasmic fraction and 5 pg
internal standard as described in detail previously [10, 17].
Measurement of plasma catecholamines
The catecholamines epinephrine and norepinephrine
were determined in plasma using high-pressure liquid
chromatography (HPLC) with Nova-PakC18 columns and
electrochemical detection as described previously [10].
Statistics
Levels of significance were estimated by analysis of
variance followed by Newman-Keuls test or Student’s
paired t-test. P , 0.05 was considered significant.
RESULTS AND DISCUSSION
After six hours acute hypoxia or CO exposure, PRA
increased fourfold and 3.3-fold, respectively, versus con-
trols (control PRA 3 ng ANGI/hr/ml), and renin mRNA
levels to 220% and 200%, respectively (Fig. 1). Renin
secretion or gene expression in primary JG cell cultures was
not affected by hypoxia (Fig. 1). Renal denervation did not
prevent stimulation of the renin system by arterial hypoxia
(2.3-fold increase of renin mRNA levels in denervated
kidneys and 1.8-fold increase of renin mRNA levels in
contralateral kidneys). Norepinephrine increased 1.7-fold
and 3.2-fold from a baseline concentration of 735 pg/ml and
plasma epinephrine 3.9-fold and 7.8-fold from a baseline
Fig. 1. Renin secretion and renal renin gene
expression six hours after induction of acute
inspiratory (8% O2) and tissue (0.1% CO
inhalation) hypoxia in rats in vivo and six
hours after induction of hypoxia in primary
cultures of juxtaglomerular (JG) cells in vitro.
Data are given as a percentage of control.
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concentration of 352 pg/ml during hypoxia and CO inhala-
tion, respectively [10]. Stimulation of b-adrenergic recep-
tors by infusion of isoproterenol increased PRA 17-fold
and 20-fold after three and six hours, respectively, and
increased renal renin mRNA by 130% after six hours but
no change at three hours (Holmer et al, unpublished
observation). Isoproterenol had no additional stimulatory
effects on PRA or renal renin mRNA in rats on a low-
sodium diet in contrast to animals on normal- or high-salt
diets.
In summary, both inspiratory and tissue hypoxias stimu-
late renin secretion in vivo in rats on a normal-sodium diet
in accordance with several, but not all, reports in the
literature [2–9]. The effects of hypoxia on PRA are consis-
tent with the marked stimulation of renin gene expression
already after six hours [10]. Because several genes (such as,
erythropoietin, endothelin-1, PDGF-A, PDGF-B, VEGF,
heat shock transcription factor) are stimulated by hypoxia
in vitro, the direct effects of hypoxia on the renin system
were studied in JG cells [14, 15]. Hypoxia had no effect on
baseline renin secretion in isolated JG cells in vitro, sug-
gesting that hypoxia does not affect JG cells directly. This is
consistent with findings in isolated perfused kidneys, also
suggesting that hypoxia has no direct effect on renin
secretion [18], and with the lack of effect of hypoxia on
forskolin-stimulated renin responses (although forskolin-
induced stimulation of renin gene expression is partly
attenuated after prolonged exposure to the severest hyp-
oxia, possibly due to energy depletion) [10]. These results
suggest that stimulation of renin secretion during hypoxia is
indirect. One possible mediator is the sympathetic nervous
system. Although renal nerve activity is increased during
hypoxia, there was no clear effect of renal denervation on
stimulation of renin gene expression by hypoxia, thus
arguing against a relevant role of sympathetic nerves in
conscious rats in vivo [19, 20]. Circulating catecholamines,
however, are markedly stimulated during hypoxia and
might contribute to stimulation of the renin system. Stim-
ulation of b-adrenergic receptors by isoproterenol infusion
markedly stimulates both renin secretion and gene expres-
sion in rats in vivo [21]. The effect of isoproterenol is
modulated by sodium intake, such that catecholamines in
low-sodium animals have no additional stimulatory effect
on hypoxia-induced renin secretion. Consistent with these
data during hypoxia, circulating catecholamines, but not
sympathetic nerves, mediate hemorrhage-induced stimula-
tion of renin secretion and gene expression [17]. However,
the presently available data do not exclude participation of
the macula densa mechanism, the renal baroreceptor
mechanism, or locally released autacoids in hypoxic stimu-
lation of the renin system [10]. Several mediators or
mechanisms might therefore contribute to the final re-
sponse of the renin system during hypoxia, such as stimu-
latory effects via catecholamines and inhibitory effects of
endothelin-1, which is induced by hypoxia and inhibits
renin secretion [15, 22].
In conclusion, both inspiratory and tissue hypoxia stim-
ulate renin secretion and gene expression powerfully in vivo
but not in vitro. These effects are not mediated by renal
nerves or by direct effects on JG cells but might be
mediated by circulating catecholamines.
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